Introduction
Cells exhibit considerable selectivity in their ability to interact with different extracellular matrix glycoproteins (e.g., Mercurio and Shaw, 1988; Lotz et al., 1989; Shaw et al., 1990 ). This selectivity is conferred, in large part, by the expression of distinct surface receptors that are capable of mediating adhesion to specific matrix glycoproteins. Most adhesion receptors that have been identified belong to the integrin superfamily of glycoproteins. Integrins are noncovalently linked heterodimers consisting of a larger subunit, usually designated a, and a smaller, disulfide-rich ,B subunit (Buck and Horwitz, 1987; Hynes, 1987) . Each a: combination exhibits a distinct ligand specificity. Most integrins that mediate adhesion to extracellular matrix substrata are comprised of a common f1 subunit that associates with one of at least six a subunits. For example, the a5f31 complex mediates fibronectin adhesion (Horwitz et al., 1985; Pytela, et al., 1985; Akiyama et al., 1986; Patel and Lodish, 1986; Takada et al., 1987 , Hynes et al., 1989 , the a2f1 complex mediates collagen adhesion (Wayner and Carter, 1987; Santoro et al., 1988; Takada et al., 1988) , and the a6f1 complex mediates laminin adhesion Shaw et al., 1990) . Recent observations, however, suggest that more promiscuity exists in af3-subunit associations and in integrin specificity than was originally thought. This is exemplified by the reports that specific a subunits can associate with multiple A subunits (Cheresh et al., 1989; Hemler et al., 1989; Kajiji et al., 1989) and that specific af3 complexes can interact with more than one matrix glycoprotein (Wayner and Carter, 1987; Cheresh et al., 1989) . Such reports emphasize the importance of characterizing the integrin structure/function repertoire on specific cell types and of defining mechanisms that regulate integrin specificity.
In recent studies, we have described a colon carcinoma cell line clone A that adheres avidly to laminin substrata and invades through laminin-containing reconstituted basement membranes in vitro (Daneker et al., 1989a,b) . In contrast, this cell line interacts poorly with fibronectin. The clone A cell line was derived from an invasive, poorly differentiated colon tumor (Dexter et al., 1979) , indicating that its invasive behavior in vivo is mimicked in vitro. These properties make this cell line very useful for studying the receptor-mediated mechanisms involved in laminin adhesion. Also of interest is the observation that the clone A cell line, as well as other carcinoma cells, expresses a ,B4 integrin that associates primarily with the a6 subunit (Hemler et al., 1989; Kajiji et al., 1989) . The function of the a6f4 integrin, however, has not been established.
In the present study, we sought to define those integrins that mediate clone A adhesion to laminin. The results obtained were unexpected, because they implicated the previously characterized a6f4 and a2f1 integrins in novel adhesion functions.
Results
Clone A cells adhere strongly to laminin and collagen 1, but poorly to fibronectin. The ability of the colon carcinoma cell line clone A to adhere to several extracellular matrix substrata was evaluated (Figure 1 (Werb et al., 1989) , was tested for its ability to block clone A adhesion to laminin (Figure 2A ). Clone A cells were incubated with AIIB2 hybridoma supernatant and then assayed for their ability to adhere to laminin. AIIB2 inhibited adhesion to laminin by over 800/o when used at a 1:1 ratio with the cell suspension ( Figure 2A ). This effect was dependent on the concentration of AIIB2 hybridoma supernatant. BIE5, a monoclonal antibody that recognizes a5 (Werb et al., 1989) (Marcantonio and Hynes, 1988) (Hynes, 1987) .
More definitive data on the relative functional roles of a231 and a3f1 in mediating adhesion to laminin were obtained. An a2-specific monoclonal antibody P1 H5, and an a3-specific monoclonal antibody P1 B5, were tested for their ability to inhibit clone A cell adhesion to laminin ( Figure 2B ). tration dependent. In contrast, P1 B5 did not affect clone A adhesion to laminin. This same antibody does inhibit the adhesion of other cell types to laminin (E. Wayner, personal communication), and previous experiments using P1 H5 and PIB5 suggested that both a2 and a3 integrins function as collagen receptors (Wayner and Carter, 1987) . For this reason, clone A adhesion to collagen I was also examined. The P1 H5 hybridoma supernatant inhibited clone A adhesion to collagen I by 800/o (Figure 20) . In contrast, PIB5 had no effect on adhesion to collagen I ( Figure 2C ). Neither PIH5 or PIB5 perturbed the slight adhesion of clone A cells to fibronectin (data not shown). The possibility that the laminin used contained collagen and that PIH5 blocked adhesion to collagen rather than laminin seems unlikely for several reasons. PIH5 was able to block adhesion to laminin obtained from multiple sources. Electrophoresis of these laminin preparations revealed only the A and B laminin subunits (data not shown). Also, PIH5 blocked adhesion to 5 ,ug/ml of laminin. At this concentration, the amount of contaminating collagen (<0.5 ,ug/ml) would be too small to facilitate clone A adhesion. Based on these results, we conclude that PIH5 inhibits clone A adhesion to both laminin and collagen 1.
PIH5 and PIB5 were used to immunoprecipitate surface proteins from 1251-surface-labeled cell lysates. The pattern of proteins precipitated with PIH5 was similar to that seen with AIIB2 ( Figure 4 ). PIH5 recognized two proteins that migrated at 150 kD and 110 kD, nonreduced, and 155 kD and 130 kD, reduced ( Figure 4 , A and B). The protein that migrated at 150 kD nonreduced and 155 kD reduced is characteristic of a2 (Hynes, 1987; Santoro et al., 1988) . The protein that migrated at 1 10 kD on nonreduced gels and 130 kD on reduced gels is characteristic of /1 (Hynes, 1987) . Thus, as shown previously (Wayner and Carter, 1987) , PIH5 immunoprecipitated the a2f1 complex. PIB5 also precipitated two proteins ( Figure 4 , A and B). Under nonreducing conditions these proteins migrated at 150 kD and 1 10 kD, a pattern similar to that obtained with AIIB2. On reduced gels, however, only one distinct protein band was observed, which migrated at 130 kD. This electrophoretic pattern is characteristic of a3f1 (Hynes, 1987 Figure 5A , the GoH3 hybrid-! P-H;C oma supernatant inhibited adhesion to laminin by more than 800/o. This inhibition was dependent on the concentration of hybridoma supernatant ( Figure 5A (Hemler et al., 1989) . In agreement with other recent studies on carcinoma cells (Hemler et al., 1989; Kajiji et al., 1989) and macrophages (Shaw et al., 1990) , no evidence has been presented to suggest that a6[4 functions as a laminin receptor. The argument could be made that GoH3 is precipitating some [1 in association with a6 and that this complex mediates clone A adhesion to laminin. However, GoH3 did not precipitate any proteins from clone A cells with the characteristic migration pattern of the [31 subunit (Figure 3) . Also, as mentioned above, [1 antibodies did not precipitate any a6 subunit (Figure 3) . In contrast to these results with carcinoma cells, we were able to precipitate a6f1 complexes from macrophages, a cell type that does not express 34 ( Figure 3C ). To test whether divalent cations were needed to preserve any possible interactions between a6 and [1, Ca2", Mg2+, and Mn2+ were added to the lysis buffer and to the immunoprecipitation wash buffers. The presence of these divalent cations did not facilitate the precipitation of a6[1 by either a6 or [1 antibodies (data not shown).
The observation that a6 associates preferentially with [4 was also supported by additional control experiments. Removal of [1 from clone A extracts by preclearing with AIIB2 did not decrease the amount of a6 subsequently precipitated by GoH3 ( Figure 6A, lanes 1-3) , and preclearing with GoH3 did not decrease the amount of [1 precipitated by AIIB2 ( Figure 6A , lanes 4-6). Also, clone A extracts were immunoprecipitated with either AIIB2 or GoH3 and then immunoblotted with a [1 specific antibody ( Figure  6B ). A [1 immunoreactive band was seen in the AIIB2 precipitates, but not in the GoH3 precipitates. Taken together, these experiments discount a6f1 association on the surface of clone A cells.
Discussion
Poorly differentiated colon carcinoma cells interact avidly with laminin substrata in vitro, an observation that reflects their invasive behavior in vivo (Daneker et al., 1989a,b) . This behavior makes these cells useful for studying the receptor-mediated mechanisms involved in laminin adhesion. In the present paper, we used a poorly differentiated colon carcinoma cell line, clone A, to characterize specific integrins that function as laminin receptors. The results obtained indicate that multiple integrin complexes are involved in colon carcinoma adhesion to .100-b -47 Figure 6 . A, immunodepletion analysis using (Marcantonio and Hynes, 1988) .
laminin. Specifically, we provide evidence that the a2fl1 and the a6fl4 integrins function in laminin adhesion. Of particular interest is the fact that neither of these integrins had been implicated as laminin receptors on epithelial cells. Most earlier studies on carcinoma adhesion to laminin had focused on a 67-kD, lamininbinding protein that is probably not a member of the integrin family (Wewer et al., 1986; Graf et aL, 1987) . Although this protein binds laminin with a high affinity, it has yet to be shown that this molecule actually functions as a bona fide laminin receptor. It is evident, however, that specific integrins can function as laminin receptors on various cell types. Current data indicate that the al f1 integrin functions as a laminin receptor on neurons (Tawil et al., 1990) , the a3#1 integrin as a laminin receptor on fibrosarcoma cells (Wayner and Carter, 1987) , and the a6f1 integrin as a laminin receptor on platelets and macrophages Shaw et al., 1990) . Given these reports, we used a battery of available monoclonal antibodies to define those integrins on clone A cells that function in laminin adhesion. Antibodies specific for the human 31 subunit completely inhibited adhesion to laminin and precipitated a surface complex that was comprised of both the a2f1 and a301 integrins. Our observation that antibodies specific for the a2 subunit blocked laminin adhesion were unexpected, because the a331 complex, but not the a2f1 complex, is an established laminin receptor (Wayner and Carter, 1987) . The fact that these cells express the a311 integrin but do not appear to use it for laminin adhesion suggests that other, cell-specific factors are involved in the regulation of integrin function. Our data also indicate that the a2fl1 complex is involved in colon carcinoma adhesion to collagen 1, in agreement with reports from other laboratories (Pignatelli and Bodmer, 1988) . Thus, the a2f1 integrin functions in both laminin and collagen adhesion on clone A cells.
Human carcinoma cells and other epithelial cells express a ,B4 subunit that associates preferentially with the a6 subunit (Hemler et al., 1989; Kajiji et al., 1989) . To date, no adhesion function has been ascribed to the a634 complex. The data presented in this paper show that antibodies specific for the a6 subunit inhibited clone A adhesion to laminin. As reported previously (Hemler et al., 1989) , this a6 antibody precipitated an a634 complex from colon carcinoma cells. The most reasonable interpretation of these results is that the a6fl4 complex is involved in colon carcinoma adhesion to laminin. Such a function is consistent with the histochemical localization of a6f4 at basal surfaces of epithelial cells in vivo (Sonnenberg et aL, 1986) .
Because we and others have shown that the a6f1 complex can function as a laminin receptor on cells that do not express f4 Shaw et al., 1990) , the possibility had to be considered that some a6/31 association occurs on clone A cells and that this complex actually mediates adhesion to laminin. In our immunoprecipitation studies, we were unable to detect any f1 subunit that was precipitated by the a6 antibody. Moreover, antibodies to the 31 subunit did not precipitate any detectable a6 subunit. These immunoprecipitation experiments were done under the same conditions in which we were able to precipitate the a6f1 complex from macrophages using both a6 and f1 antibodies. Additional preclearing and immunoblotting studies failed to provide evidence that any f1 was associated with a6 on clone A cells. We conclude from these results that a6 can function in laminin adhesion in cells that express f4, as well as on cells that only express the ,B1 subunit.
The reason clone A cells, and probably other carcinoma cells, express multiple receptors for laminin is intriguing. Each receptor could interact with distinct domains of laminin, as exemplified by lymphocyte adhesion to fibronectin (Wayner et al., 1989) . In addition, different receptors could mediate separate components of the adhesion process, i.e., attachment versus stabilizing and strengthening events (Lotz et al., 1989) . Because both a2 and A6 antibodies blocked adhesion to laminin by 800/o, it could be argued that the engagement of both receptors is needed to maintain adhesion, as measured in our assay. Similar results have been reported for the a4f31 and a5f1 fibronectin receptors (Wayner et al., 1989) .
Our data support the consensus that invasive carcinoma cells have a high affinity for laminin but interact poorly with fibronectin (Martin et al., 1984; Daneker et al., 1 989a) . In fact, we detected little, if any, a5f1 on clone A cells, an observation reported previously for human carcinoma cells (Cheresh et al., 1989) . This adhesion-receptor profile of carcinoma cells is consistent with their ability to invade through laminin-containing basement membranes. Subsequent to this invasion, however, such cells must migrate through underlying stroma, which contains large amounts of fibronectin (Gehisen et aL, 1988) . It is interesting to speculate that the adhesion receptor profile of carcinoma cells is regulated during the course of invasion and that stromal factors induce increased expression of fibronectin receptors.
In summary, the data reported here indicate that multiple integrin a subunits, perhaps in association with two distinct ,B subunits, are involved in colon carcinoma adhesion to laminin.
Based on the behavior of a3f1, they also suggest that cells can regulate the ability of a specific integrin to mediate adhesion. Subsequent studies must focus on defining the relative contribution of multiple integrins in mediating adhesion to laminin. The putative role of the 67-kD, laminin-binding protein in carcinoma interaction with extracellular matrix must also be assessed critically.
Methods
Cells. The human tumor cell line clone A was established from a poorly differentiated colon adenocarcinoma (Dexter et al., 1979) . The salient features of this cell line with respect to in vitro maintenance and behavior have been described previously (Daneker et al., 1989a) . Normal growth medium consisted of RPMI 1640, 10 mM N-2-Hydroxyethyl-piperazine-N'-2-Ethane Sulfonic Acid (Hepes), penicillin (50 U/ml), streptomycin (50 ug/ml), and 10% fetal bovine serum. All cell culture reagents were purchased from GIBCO Laboratories (Grand Island, NY). Matrix glycoproteins. Laminin was purified from the Engelbreth-Holm swarm tumor as described (Timpl et al., 1979) and it was also obtained commercially from Gibco Laboratories. Type I collagen was purified from rat tails as described (Michalopoulos and Pitot, 1975) . Human fibronectin was purchased from Biomedical Technologies, Inc. Antibodies. The rat monoclonal antibody GoH3 and an appropriate control antibody LSE3 of the same IgG subclass were provided by Dr. A. Sonnenberg (Sonnenberg et al., 1986 (Sonnenberg et al., ,1987 . The rat monoclonal antibodies AIIB2 and El B5 were provided by Dr. C. Damsky (Werb et al., 1989) . The mouse monoclonal antibodies PIH5 and PIB5 were a gift of Dr. E. Wayner Carter, 1987, Wayner et al., 1988) . All antibodies were used as hybridoma culture supernatants. Adhesion assays. Adhesion assays were performed as described previously (Daneker et a/, 1989a; Shaw and Mercurio 1989) . Briefly, multiwell (11.3 mm) tissue culture plates (Costar, Cambridge, MA) were coated with the various matrix glycoproteins by incubation with 20 ,g/ml of these proteins in phosphate-buffered saline overnight at 40C. After the overnight incubation, the wells were washed with phosphate-buffered saline. For the adhesion assays, cells were detached from tissue culture flasks using trypsin (0.1%)-EDTA (0.5 mM) in PBS. As we reported previously (Daneker et al., 1989a) Inhibition of adhesion with specific antibodies was assessed using multiwell (6 mm in diameter) microtiter plates (MicroTest III Flexible Assay Plates; Falcon). These plates were coated with matrix proteins as described above. Detached cells were resuspended in Dulbecco's modified Ea- gle's medium containing bovine serum albumin (10%) at a concentration of 3 x 1 05 cells/ml and added to hybridoma supernatants at the ratios noted in the appropriate figure legends. The cells were then incubated for 1 h at room temperature with gentle shaking. After this incubation, aliquots (0.1 ml) of the cell suspensions were transferred to the protein-coated assay wells. The microtiter plates were then centrifuged for 4 min at 6 x g to facilitate cell contact with the substrata. The plates were incubated for 30 min at 370C in a CO2 incubator. The wells were then washed and the number of adherent cells quantitated as described above. Each assay point was performed in triplicate. The number of independent assays performed for each antibody ranged from 5 to 15 and are noted in the appropriate figure legend. Radiolabeling. Tissue culture flasks (25 cm2) containing confluent clone A cells were surface radiolabeled using the lactoperoxidase/1251 method. Details of this method have been described previously (Mercurio and Shaw, 1988) . The only exception to the previously published protocol is that f-D-glucose was used in place of a-D-glucose. Radiolabeled cells were solubilized at 40C by the addition of a 0.01 M Tris[hydroxy-methyl]amino-methane (Tris) buffer, pH 8.0, containing 1% Triton X-100, 0.15 M NaCI, 1 mM EDTA, 2 mM Phenylmethyl-sulfonyl Fluoride (PMSF), and 1 gM each of aprotinin, leupeptin, and pepstatin. After 20 min, the surface-labeled lysates were centrifuged at 13 000 x g for 20 min at 4°C. The amount of radiolabeled protein in the supernatant was determined by trichloroacetic acid precipitation. The radiolabeled extracts were stored at -70°C until their use in the immunoprecipitation studies. Immunoprecipitations. Detergent extracts of radiolabeled cells were "precleared" overnight at 40C with either goat anti-rat IgG coupled to Sepharose (Sigma) or goat antimouse IgG coupled to Sepharose (Sigma), depending on the antibody to be used for the subsequent precipitation. After removal of the Sepharose beads by centrifugation, the integrin antibodies were added to the extracts and the tubes incubated overnight at 40C. The concentrations of each antibody used are noted in the appropriate figure legends. Subsequently, either anti-rat IgG Sepharose or antimouse IgG Sepharose were added for 2 h at 40C with constant agitation. The Sepharose beads containing the immune complexes were washed four times with 10 mM Tris[hydroxy-methyl]amino-methane (Tris), pH 8.0 containing 0.1 0/o Triton X-1 00 and 0.1 5 M NaCI and one time with 0.05 M Tris[hydroxy-methyllamino-methane (Tris), pH 6.8. The washed beads were incubated at 1 00°C for 4 min in Laemmli sample buffer, with or without 50/% f-2-mercaptoethanol. The samples were resolved by sodium dodecylsulfate-polyacrylamide gels and the dried gels were exposed to X-OMAT RP film (Eastman Kodak, NY). Immunoblotting. Extracts of clone A cells were immunoprecipitated with GoH3 and AIIB2 as described above. The precipitates were resolved by sodium dodecylsulfate-polyacrylamide gel electrophoresis (100%) and transferred to nitrocellulose. The immunoreaction was carried out using a 1:100 dilution of a rabbit antiserum specific for the COOHterminus of the f1 integrin subunit (Marcantonio and Hynes, 1988 ) and a second-step peroxidase-conjugated goat antirabbit IgG (Cappel). Note added in proof. After submission of this manuscript, Languino eta/. (J. Cell Biol. 109, 2455 Biol. 109, -2462 Biol. 109, , 1989 ) and Elices and Hemler (Proc. Natl. Acad. Sci. USA 86, 9906-9910, 1989) reported that a2fll can function as a laminin receptor.
